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Abstract  
 Binge eating is a pathological feeding pattern affecting 4.5% of Americans over their 
lifetime and present in a number of eating disorders, including binge eating disorder, bulimia 
nervosa, and the binge-purge subtype of anorexia nervosa.1 Despite the prevalence and 
detrimental physical and psychological effects of binge eating, the biological factors that drive 
binge eating are not fully understood. Particularly, the anxiolytic and rewarding properties of 
highly palatable food (HPF) that are proposed to motivate binge eating require further 
characterization, as do their neurobiological correlates. In this study, we used laboratory mice to 
investigate the behavioral effects of acute and extended intermittent access to HPF on feeding 
and anxiety-like behaviors. We then identified a neural projection activated during intermittent 
access to HPF, and performed pathway-specific optogenetics to determine the role of this 
projection in feeding, anxiety-like, and reward-related behaviors. Specifically, we investigated 
projections from neurons in the central nucleus of the amygdala expressing pre-pronociceptin 
(PnocCeA), the precursor to the orexigenic opioid neuropeptide nociceptin, to the parabrachial 
nucleus (PBN). Using an intermittent access feeding model, we were able to induce binge-like 
feeding in laboratory mice and determine that neither acute nor extended intermittent access 
affected anxiety-like behavior. Similarly, activation of the PnocCeA projection to the PBN using 
pathway specific optogenetics did not impact anxiety-like behavior or feeding. However, this 
activation did produce reward-related phenotypes. Together, these results suggest that binge-like 
eating of HPF in mice is not sufficient to alleviate, prevent or induce anxiety-like states, though 
it does induce reward processing that is partially encoded by the projection of PnocCeA cells to 
the PBN.   
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Introduction 
Feeding is a complex behavior, controlled by a large, diverse network of cell populations 
in the brain. Feeding behavior and the brain circuits controlling it can be broken into two 
categories: homeostatic and hedonic.2 While homeostatic feeding serves to maintain the body’s 
energy balance, hedonic feeding involves consumption beyond what is energetically required. 
Hedonic feeding is driven by food’s positive valence, the rewarding properties of palatable foods 
(usually high in sugar and/or fat) or emotional responses to these foods, rather than the tightly 
regulated energetic feedback systems that drive homeostatic feeding.3,2 Evolutionarily, hedonic 
feeding was an adaptive behavior that encouraged voracious consumption of calorically dense 
food in an environment of food surfeit. In modern times, however, highly palatable foods are 
ubiquitous and inexpensive, and these emergent properties of palatable foods may play a primary 
role in maladaptive patterns of feeding, such as binge eating.3  
 Binge eating is defined as rapid consumption of large quantities of food in the absence of 
hunger and far beyond the point of feeling full. It is accompanied by feeling a sense of loss of 
control over one’s actions.4 Binge eating can occur acutely in healthy populations or develop into 
a persistent behavior as seen in several eating disorders, including binge eating disorder, bulimia 
nervosa and binge-purge type anorexia nervosa. About 5% of the American population will 
binge eat in their lifetime, with higher rates for women than men.1  
 Patterns of binge eating commonly co-occur with heightened negative affect. About 76% 
of adults who binge eat experience comorbid anxiety, mood, impulse control and substance use 
disorders.1,5 Furthermore, patients who experience comorbid negative affect are more resistant to 
treatment and present with more severe eating disorder pathology.6–8 Patients have also been 
shown to experience heightened negative mood prior to binge episodes, which only becomes 
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more negative following the binge episode.9 It is unclear in human populations, however, what 
the causal relationship between negative affect and binge eating behavior is.10,11 One hypothesis 
suggests that binge eating serves to mediate preexisting negative affect, while others suggest that 
the pattern of eating itself can produce increased anxiety and depressed mood, or that a common 
cause is responsible for both independently. Animal studies investigating this comorbidity can 
provide insight into the causal relationship at play.  
In this study, we use a mouse model in which mice rapidly consume large quantities of 
highly palatable food (HPF) to investigate the interaction of acute palatability induced 
hyperphagia with anxiety-like behavior, an indicator of negative affect. We also probe the ability 
of rapid HPF consumption to dampen physical restraint stress-induced anxiety. In line with the 
idea that binge-like eating of palatable food can modulate affect, we hypothesize that rapid 
consumption of large quantities of HPF will result in a reduction in anxiety-like behavior and 
that this effect will be amplified when combined with an exogenous stressor. We also develop a 
model of extended binge-like eating in mice using an intermittent access schedule and test the 
effects of this long-term binge-like pattern of eating on anxiety-like behavior. Contrary to the 
effect of acute exposure, we predict that several weeks of a pattern of binge-like eating will 
heighten baseline negative emotional states, resulting in increased anxiety-like behavior, 
consistent with the theory that binge eating plays a causal role in the development of negative 
affect. 
        Beyond characterizing the behavioral and modulatory effects of binge eating in mice, we 
also strove to identify an underlying neural network. One brain region implicated in hedonic 
feeding and binge eating is the central nucleus of the amygdala (CeA). The CeA is a complex, 
heterogeneous structure involved in integrating signals in anxiety, reward, and aversion, making 
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it an interesting candidate for the interaction of these states and feeding.12,13 The CeA is the 
primary output nucleus of the amygdala, located in the limbic forebrain. Though traditionally 
thought of as the major center for fear expression, the amygdala is increasingly being understood 
for its role in a variety of behaviors, particularly those with an aversive or appetitive emotional 
component. The amygdala’s various roles are supported by bidirectional connections to brain 
regions associated with feeding, sensory processing, visceral functioning, and emotional 
behavior.13 The amygdala uses this network for computation of value, integrating signals to 
make judgments about the value of stimuli based on the current circumstances. This can extend 
to a variety of emotional and motivated behaviors, including feeding.14–19 
Previous research in our laboratory has identified a novel population of cells in the CeA 
activated specifically during binge-like consumption of HPF. This population is defined by the 
expression of Prepronociceptin (Pnoc), the genetically transcribed precursor of the neuropeptide 
nociceptin. Ablation and chemogenetic inhibition of this population of Pnoc-expressing cells in 
the CeA (PnocCeA) decrease consumption of HPF without affecting homeostatic feeding or 
producing anxiety-like behavior, suggesting that these neurons regulate hedonic feeding. To 
better understand the effects of activation of PnocCeA cells, the downstream targets receiving 
axonal projections from PnocCeA cells and activated by acute HPF consumption were identified. 
Our studies revealed that PnocCeA cells projecting to the parabrachial nucleus (PBN) and nucleus 
of the solitary tract (NTS) are activated following binge-like consumption of HPF, which 
suggests that these projections may be the main output circuits through which PnocCeA cells 
regulate HPF consumption. Of note, though PnocCeA cells are genetically defined by their 
expression of Pnoc, we have determined that their terminals with downstream targets act through 
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the co-release of GABA. Through both GABA and nociception signaling, they are inhibitory in 
nature. 
 To determine the role of PnocCeA output in binge-like HPF consumption and associated 
behaviors, we selectively activated projections from PnocCeA cells to the PBN (PnocCeA→PBN) 
in behaving animals using pathway specific optogenetics. Based on our additional studies of 
PnocCeA contribution to HPF consumption and the known roles of the PBN, we hypothesized that 
activating PnocCeA axon terminals in the PBN will increase feeding selectively for highly 
palatable food and produce a rewarding phenotype, without affecting anxiety-like behavior. 
Methods  
Animals  
Adult male C57BL/6J (n = 78, 8-16 weeks, Jackson Labs, Bar Harbor, ME) and Pnoc-IRES-Cre 
mice (n=24, 8-16 weeks, bred in house) were group housed in ventilated cages (Tecniplast) in a 
colony room on a 12:12h light-dark cycle (lights on at 7 am). Unless otherwise noted, animals 
had ad libitum access to standard rodent chow (Harlan – 2020SX, caloric density = 3.1 
kcal/gram) and water. At least one week prior to and during experimental testing or the feeding 
protocol, mice were single housed. Cage changes were minimized during intermittent access 
protocol and performed on days when mice did not undergo behavioral testing for all groups to 
minimize stress effects. All procedures were approved by the Institutional Animal Care and Use 
Committee of the University of North Carolina at Chapel Hill and performed in accordance with 
the National Institute of Health’s guide for the care and use of laboratory animals. 
Effect of Binge-like Consumption of HPF on Anxiety-like Behaviors 
Experiment 1 - Acute HPF - Stress Interaction Protocol 
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In the week preceding testing, mice were given a small, non-satiating amount of HPF (60% fat 
by weight, Research Diets – 12492, 5.24 kcal/gram) twice to prevent neophobia of food on test 
days. They were acclimated to being handled and transported to the testing room during this 
week. Mice were divided randomly into four groups (n=12 per group). On the day of testing, 
mice were transported to the testing room two hours after the beginning of light cycle (9AM) and 
allowed to acclimate for at least one hour. Following acclimation, mice in two of the groups 
(referred to as HPF condition and HPF-RS condition) were given a pre-weighed pellet of HPF in 
their home cage and allowed to eat for one hour. During this time they continued to have access 
to chow. Immediately following removal of the HPF pellet, mice in the HPF-RS group were 
placed in a restraint tube (50 ml conical vial with 6 breathing holes) for 30 minutes.20 Mice in a 
third group, called the RS condition, underwent 30 minutes of restraint stress that was not 
preceded by HPF access. Mice in the HPF condition remained in their home cage for a 30-
minute rest period following removal of the HPF pellet.  A control group receiving neither HPF 
nor restraint stress remained in their home cage undisturbed until the time of behavioral testing. 
After 30 minutes of rest or restraint stress, mice were transferred to the testing arena (Figure 1A). 
The four groups of mice underwent each condition (HPF, RS, HPF-RS and control) no more than 
once, with assignment of each group to a condition rotating on each testing day. For a given 
animal, testing was performed on nonconsecutive days. Consumption of chow during the binge 
period was not measured.  
Experiment 2 - Intermittent Access Highly Palatable Binge Protocol  
The Intermittent Access Protocol was followed exactly as previously described.21 All food 
consumption data for this cohort are presented as normalized by the caloric density of the food 
divided by the body weight of the animal (kCal/g body weight). Three groups (n=10 per group) 
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were included: one received daily intermittent access to HPF (I-HPF), one received continuous 
access to HPF (C-HPF), and one maintained a chow only diet.  
Behavioral Testing  
For mice in Experiment 1, behavioral testing was performed immediately following removal 
from restraint stress or end of rest period between 10am and 3pm. For mice in Experiment 2, 
behavioral testing was performed following three weeks of extended intermittent or continuous 
HPF exposure. A group naive to HPF was also included. Behavioral testing occurred at the time 
of day intermittent access had been given the three weeks prior (11am), and the binge period 
occurred after behavioral testing in the afternoon. On non-testing days, the binge period occurred 
again at 11am. For mice in both experiments, behavioral tests occurred in the order that they are 
described below, from least stressful to most stressful, to limit the effects of previous testing. 
Testing occurred in a sound attenuated room.  
Open Field Assay  
Mice were placed in a white plexiglass square arena and allowed to freely explore for 20 minutes 
(Figure 1C). Lights were measured and stabilized at ~20 lux. Behavior was recorded using a 
CCD camera and tracked using Ethovision XT (Noldus Information Technology). The center of 
the arena was defined as the middle half in both the X and Y plane. Distance traveled, number of 
entries into the center, and time spent in the center of the arena were measured for each animal.  
Light/dark Conflict Box Assay 
Mice were placed in a two-sided arena in which one side was black walled and closed on all 
sides and the other was white walled and open to bright overhead illumination (Figure 1F). A 
door connected the two compartments. Mice were allowed to freely explore for 15 minutes. 
Behavior was tracked as described in the open field section. Behaviors measured include time in 
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the light compartment, latency to first enter the light compartment and number of transitions into 
the light compartment.  
Elevated Plus Maze  
Mice were placed in a standard elevated plus maze and allowed to explore for 5 minutes (Figure 
1I). Behavior was tracked as described in the open field section. Behaviors measured included 
time in open arms, percent of time in open arms and probability of entering the open arms.  
Experiment 3 - In vivo optogenetic manipulation of the PnocCeA àPBN pathway 
Viral Injections, Fiber Implantation and Survival Surgery 
Pnoc-IRES-Cre mice, both Cre+ and Cre- littermate controls, were anesthetized using isoflurane 
(0.5-3%). The skull surface was exposed under sterile conditions. Using standard stereotaxic 
procedures, 300 nl of virus (AAV5-EF1α-DIO-ChR2(H134R)-eYFP, UNC Vector Core Facility, 
stored at -80 degrees) was injected bilaterally into the central amygdala at 1.3 mm posterior of 
bregma, 2.9 mm lateral to the midline, and 4.60 mm ventral of bregma at 100 nl/min (KD 
Scientific – model 100) using a Hamilton Syringe (7001). Virus was allowed to diffuse for 5 min 
after injection before removing the needle. Chronic indwelling optic fibers were implanted 
bilaterally in the PBN at 5.45 mm posterior, +/- 1.37 lateral, and 3.55 ventral of bregma as 
previously described.22 Zap-a-Gap glue and accelerant was used to seal optical fibers, and black 
dental cement (Lang Dental) was used to form a protective head cap. Animals were monitored 
and maintained on Acetaminophen for 10 days following surgery. Animals were allowed to 
recover for six weeks after surgery before testing began.   
Behavioral Testing 
For all behavioral testing, mice were transported to the testing facility and allowed to acclimate 
for at least 30 minutes before testing began. 470 nm laser stimulation was supplied at 12mW 
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using a fiber-coupled laser through a fiber optic rotary joint and bilateral patch cable (Doric). 
Laser light was pulsed at a constant frequency of 1, 10, 20, or 40 Hz using a TTL-pulse driven 
Arduino. Behavior was recorded and lasers driven using Ethovision or MedPC IV. Testing 
occurred in a sound attenuated room.  
Real-Time Place Preference  
Mice were attached to patch cables and placed in a two sided, black, plexiglass test arena with 
bedding on the floor. Mice were allowed to freely explore for twenty minutes. One side was 
paired with laser stimulation provided at 1, 10, 20, and 40 Hz on separate test days. The side 
paired with laser stimulation was alternated and counterbalanced across experimental days and 
within groups.  
Open Field Assay  
Open field testing was performed as described above, with mice attached to patch cables. Mice 
were allowed to explore the box for 18 min with laser stimulation provided at 40 Hz for 
alternating 3 min intervals OFF-ON-OFF-ON-OFF-ON. 
Elevated Plus Maze 
Elevated Plus Maze Assay was performed as described above, with mice attached to patch 
cables. Mice were allowed to explore for 10 minutes: 5 minutes with laser stimulation provided 
at 40 Hz, followed by 5 minutes with no laser stimulation.  
Novelty Suppressed Feeding  
Each of the two days prior to testing, mice were provided a fruit loop in their home cage. Mice 
were food restricted the night before testing. Mice were placed in a novel arena (rat cage) and 
attached to patch cables. Laser stimulation was provided continuously to all animals at 40 Hz. A 
single fruit loop was placed in the arena and mice were allowed to explore freely. At the first 
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signs of consumption, the fruit loop was removed. All mice remained in the novel arena with 
laser stimulation for 10 minutes. Mice were then transferred to their home cage and allowed to 
freely eat fruit loops for 10 minutes with 40 Hz laser stimulation maintained.  
Feeding Assays  
Consumption of standard chow and of HPF was assessed in their home cage while laser 
stimulation was provided at 40 Hz. Each session was 20 minutes.  
Optogenetic Self Stimulation 
For the two days prior to optogenetic self-stimulation, mice were food restricted. Each day mice 
were weighed and given 3 g of chow. Body weights did not drop below 85% of initial values.  
Operant boxes with two nose poke ports and corresponding cue lights were fashioned. Both nose 
poke ports were baited with 3-4 mg of chow. Mice were attached to patch cables and allowed to 
explore the arena and ports for 30 min. During each session, nose poking the active port resulted 
in 5 sec laser stimulation at 10 or 40 Hz and illumination of the light, while the nose poking the 
inactive port did not produce any feedback. The active port (left or right) and order of 
stimulation (10 Hz or 40Hz) was counterbalanced between experimental days within both 
groups. These two sessions were followed by a session in which both ports were inactive.  
Tissue preparation and post mortem validation  
Mice were stimulated at 40 Hz for 20 minutes in their home cage. 90 minutes later, mice were 
transcardially perfused with 4% PFA in 0.01 PBS, and brains were postfixed in 4% PFA for 24 
hours. Brains were cryosectioned using standard procedures. Expression of ChR2 and placement 
of fibers were validated using a confocal microscopy (Zeiss 880, Oberkochen, Germany).  
Statistics  
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Statistical analyses were performed in Prism 6.0h (Graphpad, La Jolla, CA). Figures were 
developed using Adobe illustrator.  
Results 
Acute HPF consumption did not reduce anxiety or prevent stress-induced anxiety  
In Experiment 1, in order to determine the effects of acute binge-like eating of high fat, 
highly palatable food on anxiety and stress precipitated anxiety, we first provided mice with 
time-locked access to HPF in their home cage for 1 hour. This exposure resulted in rapid 
consumption of large quantities of HPF, with mice consuming an average of 3.54 calories 
(SD=1.02) within the hour period (data not shown). Following HPF consumption, a subset of 
these mice underwent restraint stress for 30 minutes. Immediately following restraint stress or an 
equivalent period of rest, mice were tested in three locomotor assays that probe anxiety-like 
behavior (Figure 1A).  
In the open field, we assessed locomotion by measuring distance traveled. We observed a 
main effect of stress [F(1,43)=35.95, p<.0001], but no main effect of HPF consumption 
[F(1,43)=0.1915, p=.6638] or interaction effect [F(1,43)=0.5429, p=0.4652] (Figure 1D). On 
average, mice that underwent restraint stress prior to testing traveled fewer centimeters than 
those that did not, but prior binge-like eating did not impact restraint stress effects on 
locomotion. There were no significant main effects or interaction effect on center time [stress- F 
(1,43)=2.22, p=. 1436, HPF- F (1,43)= 0.3043, p=.5840, interaction - F(1,43)=.0482, p=.8273] 
(Figure 1C), number of entries into the center (data not shown), or latency to first enter the center 
(data not shown). In the light/dark conflict assay, again we observed a main effect of stress 
[F(1,40)=16.13, p=.0003)], but no main effect of HPF consumption [F(1,40)=2.349, p=.1332] or 
interaction effect [F(1,40)=1.343, p=0.2535] on number of entries to the light side (Figure 1F). 
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Stressed mice entered the light side fewer times than non-stressed mice, regardless of HPF 
consumption. We observed no significant effects in time spent in the light side [stress- F (1,40)=. 
3.466, p=. 0700, HPF- F (1,40)=. 1.72, p=. 1972, interaction - F(1,40)=.0055, p=.9410] (Figure 
1G) or latency to enter the light side (data not shown). In the EPM, we saw no significant effects 
in probability of entering the open arms [stress- F (1,44)=. 3240, p=. 5721, HPF- F (1,44)=. 
0029, p=. 9569, interaction - F(1,44)=.026, p=.8723] (Figure 1I) or percent of time spent in the 
open arm [stress- F (1,43)=. .2833, p=. .5973, HPF- F (1,43)=. 3116, p=. 5796, interaction - 
F(1,43)=.3531, p=.5555] (Figure 1J). The effect of stress on distance traveled was trending but 
did not reach significance [F (1,44)=2.832, p=. 0995], but there were no other effects for this 
measure [HPF- F (1,44)=. 2297, p=. 6341, interaction - F(1,44)=.8014, p=.3755] (data not 
shown). Again, mice that underwent restraint stress tended to have decreased locomotion. 
Overall, we observed minimal signs of restraint stress induced anxiety, as demonstrated 
by decreased distance traveled in the open field and the EPM as well as decreased number of 
entries in the light side in the light/dark conflict box. Interestingly, we did not observe an effect 
of stress on any other measure of anxiety nor did we observe any effect of HPF consumption on 
any measure with or without stress.  
Extended and Intermittent access to HPF do not reduce anxiety  
Intermittent access induced rapid consumption of large amounts of HPF 
In experiment 2, we developed a mouse model of regular, daily binge eating that was 
simple and replicable and that did not require food restriction or stress. This pattern resulted in a 
significant increase in intake of HPF during the 1 hour period of access for the I-HPF group 
compared to the C-HPF group (Fig. 2B; two-way ANOVA: group effect – F (3, 75) = 163.8, p < 
0.001; time effect – F (14, 1050) = 6.963, p < 0.0001, group × time effect – F (42,1050) = 3.599, 
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p < 0.0001). Between group post hoc comparison reveals a highly significant difference between 
I-HPF and C-HPF groups on every day in a two week period, including the first day of exposure. 
Post hoc comparisons also revealed a significant increase in I-HPF consumption of HPF from the 
first day to subsequent days of exposure (Dunnett’s multiple comparisons test, p < 0.0001 for 
Days 2–14 compared to Day 1). During this two week period, there was also a reduction in 24 
hour chow intake in the I-HPF group (one-way ANOVA: F(4.510, 148.8) = 3.63, p = 0.0054). 
Thus, for the I-HPF group, there was a highly significant increase in the fraction of total caloric 
intake consumed from HPF (binge index) over the two week period (one-way ANOVA: F(5.298, 
243.7) = 4.30,p = 0.0007). Post hoc comparisons of binge index values indicate a significant 
increase in the binge index values over the course of the two week period compared to the first 
day of exposure (Dunnett’s multiple comparisons test of Days 2–14 to Day 1). Interestingly, 
intake of HPF during the intermittent access period was reversely correlated with overnight 24 
hour chow intake in the I-HPF group (slope significantly non-zero, F = 6.949, p = 0.0158). 
Together these data reveal that daily, intermittent access to HPF results in an escalation of HPF 
intake, a reduction in overnight chow intake, and an entrained pattern of rapidly consuming a 
significant proportion of their daily calories.  
 To evaluate how rapidly the I-HPF group consumed the HPF within the allotted time 
period, we shortened the period of access to 30 min and 10 min after the feeding pattern had 
been entrained. Data from this experiment revealed that while consumption was significantly 
lower for both 30 minute access and 10 minute access when compared to 1 hour (one-way 
ANOVA: F (1.967, 17.70) = 10.06, p = 0.0013), more than half of the total calories consumed 
within the hour were consumed in the first 10 minutes (58.42 +/− 14.41%) (Figure 2C). Thus, 
animals receiving daily intermittent access to HPF adjusted to consume a high proportion of their 
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calories from HPF during the one hour period of access, exhibiting rapid consumption of large, 
escalating quantities of HPF during the intermittent access period and concomitant reduction of 
chow.  
Neither continuous nor intermittent access to HPF affected anxiety-like behavior 
 We hypothesized that several weeks of intermittent access to HPF will increase negative 
affect, resulting in increased anxiety-like behavior prior to the daily binge episode. To test our 
hypothesis, we maintained mice on an intermittent access schedule (I-HPF) for three weeks and 
tested them in three locomotor assays for anxiety. Mice that had continuous access to HPF and 
chow (C-HPF) and mice that only had access to chow (chow), served as controls.  
 In the open field assay, we observed a main effect of diet on distance traveled (one-way 
ANOVA: F = 4.873, p = 0.0156) (Figure 2D). Post hoc analysis revealed a significant elevation 
in distance traveled in the I-HPF group compared to the C-HPF. Neither group differed 
significantly from the chow group. No significant effects were seen in time spent in the center of 
the open field (F = 2.021, p < 0.1520) (Figure 2E), number of entries into the center (F = 2.238,p 
= 0.1261) (Figure 2F), or latency to first enter the center (data not shown).  
 In the light/dark conflict box, there was a trending main effect of diet on time spent in the 
light side that did not reach significance (F = 3.216, p = 0.0559) (Figure 2G). However, post hoc 
analysis revealed a significant difference between I-HPF group and the C-HPF group (p = 
0.0387), with I-HPF mice spending more time on the light side of the light/dark conflict box, but 
no difference between either of these groups and chow controls. There was no significant effect 
of diet observed in latency to enter the light side (F = 1.505, p = 0.2401) or number of entries 
into the light side (F = 0.1394, p = 0.8705) (Figure 2H-I).  
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 Lastly, in the EPM, there was no significant effect of group observed on distance traveled 
(F = 0.26, p = 0.7730), percent of time spent in the open arms (F = 1.219,p = 0.3118), or 
probability of entering the open arms (F = 0.2542, p = 0.7775) (Figure 2J-L).  
 Overall, these various measures of anxiety-like behavior revealed no difference between 
animals receiving either extended intermittent access to HPF or continuous access to HPF when 
compared to the chow control. Furthermore, we observed no significant overall effect between 
diet in the light/dark conflict box and the EPM. We did observe an overall diet effect on distance 
traveled in the open field but not on any of the other measures in this assay. 
High Frequency in vivo optogenetic activation of PnocCeA axons in the PBN increased 
reward-related behavior without affecting anxiety or feeding  
In vivo optogenetic activation of PnocCeA axons in the PBN did not impact anxiety 
        Previous research in our lab identified a projection from PnocCeA cells to the PBN that is 
selectively activated during binge-like consumption of HPF. In order to better understand the 
role of activation of PnocCeA projections to the PBN in rapid, binge-like consumption of HPF, we 
specifically activated PnocCeA axons within the PBN using pathway specific optogenetics.  A 
variety of behavioral assays were used to determine the specific behavioral implications of 
the PnocCeA→PBN activation. Firstly, we assessed the impact of activation of PnocCeA axons 
with the PBN on anxiety-related behavior. We hypothesized that activation of PnocCeA→PBN 
pathway would have no effects on anxiety. In these experiments, mice expressing 
Channelrhodopsin-2 (ChR2; Cre positive, Cre +) were compared to littermates that did not 
express this receptor (Cre negative, Cre-).  
 In the open field assay, there was no significant interaction between optogenetic 
stimulation and expression of ChR2 in center time [Two way ANOVA: F(5,105)=0.5368, 
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p=.7480] or distance traveled [F(5,105)=2.064, p=0.0757], though there was a significant 
difference detected between genotypes for distance traveled in the last time period in post-hoc 
analysis [t(126)=2.786, p=.0364] (Figure 3 B-C).   
In the EPM, locomotor behavior was again assessed via measurements of distance 
traveled. While there was no significant effect of genotype [F(1,21)=.04842, p=.8280], there was 
a significant main effect of stimulation or time (as stimulation was always provided during the 
first five minutes) [F(1,21)=107.6, p<.0001] and a significant interaction [F(1,210)=5.828, 
p=.0250] (Figure 3D). This reveals that while activation of PnocCeA→ PBN projection did not 
independently impact distance traveled, distance traveled was significantly lower during the 
second 5 minute period on the EPM when laser stimulation was not provided, and this effect 
depended on genotype. For open arm time, there was no significant main effect of genotype 
[F(1,21)=.09273, p=.7637] or interaction effect [F(1,21)=.009201, p=.9245], but there was again 
a significant main effect of stimulation or time [F(1,21)=.5.796, p=.0253] (Figure 3E). For 
probability of open arm entry, there was no significant main effect of stimulation 
[F(1,21)=.5423, p=.4696] or genotype [F(1,21)=.3449, p=.5633], nor was there a significant 
interaction [F(1,21)=.07581, p=.7857] (Figure 3F).  
In novelty suppressed feeding assay (NSF), there was no significant genotype effect on 
latency to feed [unpaired student’s t test: t(21)=.9209, p=.3676] or food consumed in home cage 
[t(21)=.39,p=.70] (Figure 3 G-H). Collectively, these results reflect no change in anxiety-like 
state and a potential decrease in locomotor behavior during PnocCeA→ PBN activation. 
In vivo optogenetic activation of PnocCeA axons in the PBN did not impact feeding  
Because the PnocCeA→ PBN projection is activated during consumption of HPF, 
palatable food intake is reduced following PnocCeA ablation and the PBN plays a role in 
Jensen	17	
controlling feeding, we predicted that activation of this projection would increase feeding.23 
Surprisingly, measures of feeding all revealed no effect of PnocCeA→ PBN activation. In the 
mouse home cage, neither chow consumption following a period of food deprivation [unpaired 
student’s t test: t(21)=1.305, p=.2059] nor HPF consumption on first or second exposure 
[t(20)=.7417, p=.4669] were different between groups (Figure 3 I-K). 
In vivo optogenetic activation of PnocCeA axons in the PBN induced reward-related behavior 
Lastly, we assessed the rewarding properties of activation of PnocCeA axons in the PBN. 
We predicted that PnocCeA→ PBN encodes reward and, therefore, activation of this pathway 
would elicit reward-related behavior. First, we measured passive reward-related behavior using 
real time place preference (RTPP). Preference for the stimulation side indicated that activation of 
PnocCeA→ PBN pathway is rewarding. Specifically, we observed that Cre + mice spent 
significantly more time on stimulation side, and this effect increased in strength with increasing 
stimulation frequency, reaching significance for 20 Hz and 40 Hz but not 1 Hz or 10 Hz (Fig. 
3N).  
 We then assessed active reward-related behavior using intracerebral self-stimulation 
(ICSS) in which nose poking active port initiated optogenetic stimulation for 5 seconds. In ICSS, 
Cre + mice expressing ChR2 exhibited more nose pokes in an active compared to an inactive 
port when 40 Hz stimulation was provided but not 10 Hz stimulation (Fig. 3O). Furthermore, this 
effect increased with time, and analysis of cumulative nose poke frequency revealed a significant 
increase in nose poke of the active port in Cre positive mice in the last ten minutes (Fig. 3P). 





 In this study, we aimed to accomplish two goals. First, we probed the relationship 
between binge-like eating of highly palatable food and negative affect. Negative affective states, 
such as anxiety and depression, are known to be intricately related to binge eating in human 
populations, but the nature of the relationship between these two pathologies is not fully 
understood. We aimed to fill voids in this understanding by using an animal model of binge-like 
eating to determine the causal effects of acute and extended binge-like eating of high fat, highly 
palatable food on anxiety-like emotional states. To do this, we modeled binge-like eating in male 
mice under both acute and extended conditions and then assessed anxiety-like behavior, 
employing a variety of behavioral assays that take advantage of the innate preference for dark, 
enclosed spaces in mice. Overall, we found that while both acute and extended time-locked, 
limited access to HPF produced rapid, binge-like eating of HPF, neither feeding pattern affected 
anxiety-like behavior relative to HPF naïve controls. 
To model binge-like eating in mice, we exploited naturally occurring palatability induced 
hyperphagia of a high fat, highly palatable food, independent of exogenous stress and food 
restriction, using an intermittent access paradigm. Under acute conditions, in Experiment 1, mice 
were given time-locked access to HPF in their home cage for one hour, which independently 
resulted in rapid consumption of a large quantity of HPF. In Experiment 2, we extended this 
intermittent access schedule, giving mice access to HPF in their home cage restricted to one hour 
per day. Under these conditions mice steadily increased consumption of HPF until it comprised 
above 40% of their daily caloric intake as a result of both rapid consumption of HPF during the 
period of access and compensatory hypophagia of chow overnight. Ultimately, this model 
produced palatability-induced hyperphagia that was rapid and entrained, similar to binge eating 
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in human populations. This model is a valuable tool because it is simple and reliably produces 
binge-like eating in C57BL/6J mice, a species with a rich variety of genetically modified strains, 
allowing it to be applied to investigate the genetic and neurobiological underpinnings of 
palatability-induced hyperphagia and its effects on behavior. 
        We applied both of these models to study the effects of HPF binge eating on anxiety-like 
behavior. In Experiment 1, mice that had consumed HPF prior to testing were indistinguishable 
from controls on all measures. This was also the case when HPF access was immediately 
followed by restraint stress, suggesting that acute binge eating of HPF was not sufficient to block 
stress-induced anxiety or reduce baseline anxiety. In Experiment 2, mice maintained on an 
intermittent access schedule were again indistinguishable from chow-only controls on all 
measures; however, we did see some differences between animals that had extended intermittent 
access to HPF and those that had extended continuous access to HPF. I-HPF mice showed 
increased locomotion and decreased anxiety relative to C-HPF mice, however both of these 
effects were seen in only the open field assay and not other anxiety behavioral assays. 
        These experiments had a number of limitations. Firstly, in Experiment 1 we observed 
limited stress induced anxiety. We did not observe the effects in the open field seen previously in 
C57BL/6J mice following an identical restraint stress protocol20 or even those seen 24 hours after 
restraint stress in mice.24 Because the stress-induced anxiety that we observed was limited to 
only a couple of measures, we can less conclusively state that acute binge-like eating of high fat 
food does not block this reaction to stress. However, in the measures of stress induced anxiety 
that we did observe, namely decreased distance traveled in the open field and decreased number 
of entries into the light side in light dark conflict assay, prior binge eating had no effect. A 
potential avenue for future testing would be to assess blood concentrations of glucocorticoids or 
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activation of cell populations in the brain known to be involved in the stress response. While this 
would give a less direct measure of negative affect, it could provide useful information about the 
effect of binge-like consumption of HPF on the stress response as a whole rather than limiting it 
to stress-induced anxiety. This would also enable us to leverage previous work suggesting that 
extended HPF access dampens hormonal and neural responses to stressors in rats 25–29 and 
humans.30  
 A second inconsistency with previous research is that we did not observe increases in 
anxiety-like behavior in mice with continuous HPF access relative to chow only controls in 
Experiment 2, which has been previously described in this strain of mice.31 However, while we 
maintained mice on the feeding protocol for three weeks before testing, Sharma et. al. extended 
access to six weeks before testing. It is possible that the behavioral effects of a high fat palatable 
food do not emerge by the fourth week. This presents a challenge to the interpretation of our 
findings from the intermittent access group as well, for it is possible that the same effect of time 
would be present for this manipulation. Future studies could investigate this caveat. However, 
our results do replicate previous data from a similar intermittent access paradigm in mice that 
tested anxiety-like behavior after six weekly cycles of intermittent access to highly palatable 
food and found no effects, though we tested mice before the binge episode and they tested mice 
following it.32 
        Together, these data refute our hypotheses that acute palatability driven binge-like eating 
of high fat food will be anxiolytic while extended binge-like eating will be anxiogenic. Instead, 
our data from Experiment 1 suggest that hyperphagia of high fat food, driven by the rewarding 
properties of the food, does not concomitantly reduce negative affect or prevent stress induced 
emotional changes.  When considering these results in relation to previous evidence that intake 
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of and preference for highly palatable foods increases during or following stress in mice27,33, 
rats34, and humans35–37, and that extended consumption of high fat food preceding an acute 
stressor or during chronic stress dampens physiological and behavioral stress responses in 
rats25,26,34,38, mice39 and humans30, there appears to be a distinction between the effects of acute 
HPF consumption and acute stress and those of chronic stress and extended HPF access. Our 
results add an additional piece of evidence to the growing body of work on the intricate 
interactions of stress and feeding. Furthermore, we can also conclude from our data from 
Experiment 2 that in mice binge-like eating highly palatable food alone is not sufficient to 
produce negative affect. This provides insight into the causal relationship between highly 
comorbid negative affect, anxiety disorders and binge eating in humans, suggesting that the 
experience of negative affect and stress may be more important in driving binge eating than visa 
versa.1,5  
The second aim of this study, addressed in Experiment 3, was to trace the behavioral 
effects of binge eating high fat food to an underlying neural network. Specifically, we probed the 
behavioral impacts of activation of a GABAergic axonal projection from a population of cells 
with the CeA that expresses the genetic precursor of the neuropeptide nociceptin, Pnoc, to the 
PBN. We have previous shown that this projection is activated during rapid binge-like eating of 
HPF under similar acute binge-like feeding conditions to those described above. To do this, we 
employed pathway specific optogenetics and a battery of behavioral testing. Our results revealed 
that PnocCeA → PBN activation produced reward-related preference and motivated reward-
seeking behavior. However, this projection did not mediate anxiety-related behavior, locomotion, 
or feeding. While RTPP revealed a passive preference for PnocCeA → PBN activation, ICSS 
revealed that activation of this pathway in mice is potently reinforcing. We hypothesize that 
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activation of this circuit produces reward rather than anxiolysis in the testing environment, as 
seen in the unchanged anxiety-related behavior. Overall, these data suggest that rather than 
playing a role directly in controlling HPF consumption, GABAergic inhibition of PBN cells by 
PnocCeA projections may encode reward in response to rapid HPF consumption. Of note, 
however, rewarding and reinforcing effects of PnocCeA → PBN activation was seen only with 
high frequency stimulation and were absent at lower stimulation frequencies.   
        These results are very surprising. Extensive evidence exists supporting the role of both 
the CeA and the PBN in hedonic feeding, however, little evidence is available portraying 
induction of reward through inhibition of the PBN or activation of CeA cells independent of 
changes in feeding or learning. For example, inhibition of the PBN using benzodiapines, a drug 
that enhances the effect of GABA, results in increased hedonic impact of taste, increasing the 
pleasure derived from the taste of palatable food, while also increasing consumption.40 Because 
CeA cells directly signal to individual cells in the PBN using GABA, it is possible that PnocCeA 
axons inhibit a subset of the population affected by benzodiapines, resulting in a narrower 
phenotype. This raises the question of what cell population within the PBN is being inhibited to 
produce this effect, a question that we are addressing with further work. The role of the CeA in 
reward seeking behavior independent of feeding is less surprising, despite its long held 
reputation as a center for aversion and fear.12 The role of CeA in reward seeking is usually 
studied in the context of learned reward or associative pairings, however.16,41,42 In our study, the 
CeA is suggested to be involved in attributing an innate reward and driving behavior to seek it. 
This study represents a novel role in feeding behavior for the CeA and PBN in encoding the 
rewarding properties of palatable food in a cell population not involved in mediating 
consumption. 
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        Overall, these data provide an interesting glimpse into the diverse circuitry that are 
involved in hedonic feeding and parses out the role of a projection from a CeA subpopulation to 
the PBN in attributing reward and driving reward seeking behavior. Because this subpopulation 
of CeA cells is naturally activated by rapid binge-like consumption of HPF, these results show 
how this behavior may be uniquely rewarding, helping to explain why binge eating of highly 
palatable food occurs and can develop into a pathological compulsive behavior.  
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Figure	1.	Acute	HPF	consumption	did	not	reduce	anxiety	or	prevent	stress-induced	anxiety.		
A.	Schematic	of	exposure	to	HPF,	restraint	stress	and	behavioral	testing.	Only	the	HPF-RS	group	underwent	both	HPF	and	RS	exposure,	while	
the	other	groups	were	resting	in	their	home	cage	for	the	equivalent	amount	of	time	for	one	or	both	conditions.	B.	Open	Field	Apparatus.	C.	
Time	spent	in	the	center	of	the	open	field,	defined	as	the	middle	50%	of	the	apparatus	in	both	the	x	and	y	directions.	No	significant	group	
differences.	D	Distance	traveled	in	the	open	field	in	centimeters.	There	was	a	main	effect	of	restraint	stress	observed	but	main	effect	of	HPF	or	
no	interaction.	E.	Light/Dark	Apparatus.	F.	Number	of	entrances	from	the	dark	compartment	to	the	light	compartment.	There	was	a	main	effect	
of	restraint	stress	observed	but	main	effect	of	HPF	or	no	interaction.	G.	Percent	of	total	time	in	the	arena	spent	in	the	light	compartment.	No	
significant	group	differences.	H.	Elevated	Plus	Maze.	I.	Probability	of	entering	the	open	arms	of	the	EPM.	No	significant	group	differences.	J.	
Percent	of	total	time	in	the	arena	spent	in	the	open	arms.	No	significant	group	differences.	For	all	measures,	data	were	analyzed	by	two-way	
ANOVA	with	Sidak’s	multiple	comparison	test.	N=12/group.	For	all	panels	*	=	p	<	0.05,	**	=	p	<	0.01,	***	=	p	<	0.001,	and	****=p	<	0.0001	
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Figure	2.	Daily	intermittent	access	to	HPF	induced	binge-like	feeding	but	did	not	impact	anxiety-like	behavior.		
A.	Schematic	of	continuous	and	intermittent	HPF	access.	HPF	pellets	are	represented	in	blue	and	chow	pellets	are	brown.	B.	HPF	consumption	
during	1	hr	period	of	access	shown	for	every	other	day	for	C-HPF	and	I-HPF	groups.	C.	After	establishing	a	stable	baseline	of	consumption	in	the	
I-HPF	group,	we	decreased	the	access	period	length	for	the	intermittent	group	from	60	min	to	30	min	and	10	min.	D.	Distance	traveled	in	the	
Open	Field	in	20	minutes.	There	is	a	significant	overall	effect	of	group,	with	I-HPF	mice	travelling	significantly	farther	than	C-	HPF	mice.	E.	Time	
spent	in	the	center	of	the	open	field.	There	is	no	significant	effect	on	center	time.	F.	Center	Entries.	There	is	no	significant	effect.	G.	Time	spent	
in	the	light	side	of	the	light	dark	conflict	box.	There	is	a	significant	overall	group	effect	with	I-HPF	mice	spending	significantly	more	time	in	the	
light	zone	than	C-HPF.	H.	Latency	to	enter	the	light	side.	No	significant	group	effect.	I.	Number	of	entries	into	the	lights	side	of	the	light	dark	
conflict	box.	No	significant	group	differences.	J.	Distance	traveled	in	the	EPM.	No	significant	group	effect.	K.	Percent	open	arm	time	in	the	EPM.	
No	significant	group	effect.	L.	Probability	of	entering	the	open	arms.	No	significant	group	effect.	For	C-K,	data	were	analyzed	by	one-way	
ANOVA	with	Sidak’s	multiple	comparison	test.	N=10/group.	For	all	panels	*	=	p	<	0.05,	**	=	p	<	0.01,	***	=	p	<	0.001,	and	****=p	<	0.0001	
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Figure	3.	In	vivo	optogenetic	activation	of	CeA	Pnoc	axons	in	the	PBN	increased	reward-related	behavior	without	affecting	anxiety.	 
A.	Schematic	of	the	surgical	manipulations	of	Pnoc-IRES-Cre	mice.	AAV-EF1a-DIO-ChR2-eYFP	was	injected	bilaterally	into	the	CeA	and	optical	fibers	
were	placed	bilaterally	over	the	PBN.	B.	Distance	Traveled	in	the	Open	Field.	C.	Time	in	the	center	of	the	open	field.	No	significant	group	
difference.	D.	Distance	traveled	in	the	EPM.	E.	Time	spent	in	the	open	arms	of	the	EPM.	F.	Probability	of	entering	the	open	arms	of	the	EPM.	G.	
Latency	to	begin	feeding	in	NSF.	H.	Consumption	of	fruit	loop	following	NSF,	once	returned	to	home	cage.	I.	Consumption	of	chow	following	
overnight	food	deprivation.	J.	Consumption	of	HPF	in	home	cage	in	1	hour	during	first	exposure	to	this	diet.	K.	Consumption	of	HPF	during	second	
exposure	to	this	diet	in	home	cage	in	1	hour.	L.	PBN	Fiber	placement	in	Cre+	group.	M.	Representative	image	of	ChR2	epifluorescence	in	the	PBN	
and	bilateral	fiber	placement.	N.	Fraction	of	time	spent	in	the	stimulation	side	of	in	RTPP.		Stimulation	at	20	Hz	and	40	Hz,	but	not	1	Hz	or	10	Hz,	
resulted	in	significantly	increased	preference	for	the	stimulation	side	in	Cre+	mice.	O.	Total	nose	pokes	in	ICSS	with	40	Hz	stimulation	over	30	
minute	period.	Cre+	mice	significantly	preferred	nose	poking	the	active	port.	N.	Time	series	data	for	active	port	nose	pokes	with	40	Hz	stimulation	
reveal	a	progressive	increase	in	nose	poking	in	Cre+	mice.	For	panels	B	and	C,	data	were	analyzed	using	2-way	ANOVA	with	Sidaks	multiple	
comparisons	test	between	Cre+	and	Cre-	groups	in	each	3	minute	epoch.	For	panels	D,	E	and	F,	were	analyzed	using	2-way	ANOVA	with	Sidaks	
multiple	comparisons	test	between	Cre+	and	Cre-	groups	for	on	and	off	periods.	For	G,	H,	I,	J,	and	K,	data	were	analyzed	with	unpaired	students	T	
test.	Data	in	N	were	analyzed	using	an	unpaired	Student’s	t	test	for	each	frequency.	Data	in	O	were	analyzed	using	a	2-way	ANOVA	with	post	tests	
comparing	the	active	versus	inactive	port	within	both	the	Cre	+	and	Cre	–	groups.	Data	in	P	were	analyzed	using	2-way	ANOVA	with	Sidak’s	
multiple	comparisons	for	the	active	port	pokes	between	Cre	+	and	Cre	–	animals	for	each	1	min	interval.	n	=	12	Cre+	and	11	Cre-	animals.	For	all	
panels	*	=	p	<	0.05,	**	=	p	<	0.01,	***	=	p	<	0.001,	and	****=p	<	0.0001.		
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